a Potentiometric studies carried out on the interaction of two tritopic double-scorpiand receptors in which two equivalent 5-(2-aminoethyl)-2,5,8-triaza[9]-(2,6)-pyridinophane moieties are linked with 2,9-dimethylphenanthroline (L1) and 2,6-dimethylpyridine (L2) establish the formation of mono-, bi-and trinuclear Cu 2+ complexes. The values of the stability constants and paramagnetic 1 H NMR studies permit one to infer the most likely coordination modes of the various complexes formed. Kinetic studies on complex formation and decomposition have also been carried out. Complex formation occurs with polyphasic kinetics for both receptors, although a significant difference is found between both ligands with respect to the relative values of the rate constants for the metal coordination steps and the structural reorganizations following them. Complex decomposition occurs with two separate kinetic steps, the first one being so fast that it occurs within the stopped-flow mixing time, whereas the second one is slow enough to allow kinetic studies using a conventional spectrophotometer. As a whole, the kinetic experiments also provide information about the movement of the metal ion within the receptors. The differences observed between the different receptors can be interpreted in terms of changes in the network of hydrogen bonds formed in the different species.
Introduction
Coordinated molecular reorganisations induced by chemical or physical input are central to life. For instance, Ca 2+ induced conformational changes of the calmodulin family of proteins trigger the activity of different enzymes, ionic pumps and other proteins. 1 The rotational motion of flagella that permits the straight swimming of bacteria constitutes a beautiful example of a pH-driven molecular motion. 2 In the last few years, research in polytopic receptors has focused on molecular recognition, enzyme mimicking, molecular devices and pharmaceutical chemistry.
3-5 Nevertheless, polytopic ligands having differentiated binding sites represent a landmark for investigating substrate reorganisation within receptor molecules. An interesting characteristic in polytopic receptors featuring differentiated binding sites is the possibility for a given metal ion to move from one site to another depending on its intrinsic binding ability and on the protonation stage of the receptor. 6 In this respect, we have recently advanced results regarding the metal ion reorganisation occurring in mononuclear, binuclear and trinuclear Cu 2+ complexes of ligand L1 (see Chart 1). 7 Such preliminary studies suggested that coordination was initially affecting the phenanthroline unit of the linker to move then towards the macrocyclic cavity; the final stage being the closure of the side-chain of the double scorpiand macrocycle. These molecular reorganisation studies of substrates guided kinetically in its intermediate stages but thermodynamically controlled in the final stage are scarce. In order to get further kinetic and thermodynamic information about these pH-driven metal ion reorganisations we have extended our studies to a related ligand containing pyridine as a linker (L2 in Chart 1). Here, we analyse how the different length and chelation units of the linker influence the thermodynamic † Electronic supplementary information (ESI) available. See DOI: 10.1039/c3dt32220c trode in saturated KCl solution. The glass electrode was calibrated as a hydrogen-ion concentration probe by titration of previously standardized amounts of HCl with CO 2 -free NaOH solutions and the equivalent point determined by Gran's method, 14 which gives the standard potential, E°′, and the ionic product of water ( pK w = 13.73 (1)). The computer program HYPERQUAD 15 was used to calculate the protonation and stability constants. The HYSS 16 program was used to obtain the distribution diagrams. The pH range investigated was 2.5-11.0 and the concentrations of Cu 2+ and of the receptors ranged from 2 × 10 −3 to 3 × 10 −4 M with Cu 2+ : L molar ratios varying from 3 : 1 to 1 : 1. For Cu 2+ : L 3 : 1 molar ratio precipitation was observed above pH 8 for L1 and above pH 6 for L2. Only the portions of the titration curves prior to precipitation were included in the refinement. The different titration curves for each system (6 for Cu 2+ -L1, 728 experimental data points, and 4 for Cu 2+ -L2, 285 experimental data points) were treated either as a single set or as separated curves without significant variations in the values of the stability constants.
Paramagnetic NMR spectroscopy
The paramagnetic NMR measurements were acquired on a Bruker Avance 400 spectrometer operating at 399. 
Kinetic experiments
The kinetic experiments were carried out at 298.1 ± 0.1 K with both a Cary 50-BIO spectrophotometer and an Applied Photophysics SX17MV stopped-flow instrument provided with a PDA-1 diode array detector. The ionic strength was adjusted to 0.15 M for the formation studies and 1.0 M for the decomposition studies by adding the required amount of NaCl. For kinetic studies on complex formation, a solution of the ligand whose pH had been previously adjusted with HCl and NaOH was mixed in the stopped-flow instrument with a solution of Cu 2+ containing the amount of metal ion required to achieve 1 : 1, 2 : 1 or 3 : 1 Cu 2+ : L molar ratios, although for L2 the experiments at 3 : 1 Cu 2+ : L ratio were unsuccessful because irreproducible results were obtained, probably because of precipitation at higher metal concentrations. The pH of the metal solution was adjusted to the same pH as the ligand solution. The kinetic experiments covered a pH range of ca. 2.5-5.5 and provided spectral changes with time that were analysed with either SPECFIT 18 or Pro-KII software. 19 At the low pH used the ligands are highly protonated and this makes the equilibrium constants for the formation of the outersphere complexes with Cu 2+ small enough to make the rate of complex formation slow enough to be measured. The kinetic models used in each case are discussed in the Results and discussion section. As no buffers were used, there are large changes in proton concentration during complex formation, and so all the data corresponding to different experiments with different starting pH and molar ratios were finally fitted together using the Pro-KII software. 19 During this refinement, studies were taken into consideration with the equilibrium constants fixed at the values determined from potentiometric studies. The kinetic work on complex decomposition was carried out under pseudo-first-order conditions of acid excess and the solutions contained Cu 2+ and the corresponding ligand in 1 : 1, 2 : 1 and 3 : 1 molar ratios. To avoid possible complications with solutions containing mixtures of species, the equilibrium distribution curves were used to determine the pH values at which solutions containing Cu 2+ and the ligand at a given molar ratio contain essentially a single species, and solutions prepared under these conditions were then mixed with an excess of acid. The spectral changes were registered using either a stopped-flow instrument or a conventional spectrophotometer, depending on the time scale. complexes were the major species in solution. Data were analysed using the same software as for complex formation.
Results and discussion
Interaction with Cu
2+
In order to check the thermodynamic properties of polytopic receptors with a biologically relevant metal ion, we have carried out potentiometric studies on the formation of Cu respectively, with additional triprotonated mononuclear and diprotonated binuclear species for L1. Furthermore, a trinuclear species was detected in solution for both receptors in the pH range covered in these measurements. The stability constants for these complexes along with those found for the precursor L3 and the derivatives L4, L5 and L6 (Chart 1) are collected in Table 1 and Table S1 The distribution diagrams show that the nuclearity of the species formed depends very much on the Cu 2+ -receptor molar ratio ( Fig. 1 , S1-S3 †). Trinuclear complexes are observed in the whole pH range above pH ca. 3 for 3 : 1 Cu 2+ -receptor molar ratios for both systems. Although binuclear complexes have been reported in many systems consisting of two macrocycles linked by different alkyl or aryl bridges, to our knowledge, the number of systems in which trinuclear species has been evidenced is much more scarce.
20,21
In order to get further information about the coordination mode of the binuclear Cu 2+ complexes, paramagnetic 1 H NMR spectra have been performed for solutions containing [Cu 2 L] 4+ complexes as major species.
In the last decade, paramagnetic 1 H NMR spectroscopy has been applied to the assignment of the isotropically shifted signals, as well as the characteristic properties of similar dinuclear copper complexes of pyridinophane 22 and terpyridinophane azamacrocyclic ligands. 23 In particular, these studies provide interesting information about the electronic structure and coordination geometry of the metal ions in solution. 24 The paramagnetic 1 H NMR spectrum of the system Cu 2+ -L2 in a 2 : 1 molar ratio recorded in D 2 O at pH = 7.8 shows, in the 
45.03 (7) 42. (5) a Charges omitted. b Values in parentheses show standard deviation in the last significant figure.
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downfield region, three well resolved isotropically shifted signals (a′), (b′), (d′) and one non-resolved signal (c′). Chemical shift values, longitudinal relaxation time values (T 1 ), linewidths at half-height and assignments are reported in Table 2 and Scheme 1. The NMR spectrum of [Cu 2 L2] 4+ presents two different groups of isotropically shifted signals, in the first group are set (a′) and (b′) whilst the second group gathers (c′) and (d′) signals.
The first type of signals (a′, b′) displays short T 1 values (<1 ms) and shows linewidths, measured at half-height, of around ∼1000 Hz. The signals at 20.5 and 13.0 ppm integrating thirty-six protons are assigned on the basis of their large linewidths and short T 1 values, to the α-CH 2 protons closest to the copper sites (see Scheme 1) . The second type of signals (b) , (e) and three non-resolved signals (B), (c) and (d) . In addition, three other signals (f-h) appear in the upfield region of the spectrum (see Table 2 and Fig. 2A ; log K = 4.9) for L1 than that for the Cu 2+ -phen complex (log K = 7.4) 25 and much lower for L2, (log K = 4.42) than for the Cu 2+ -2,6-bis(aminomethyl) pyridine complex (log K = 15.7). It has to be remarked that the precipitation occurring for both systems prevented to obtain any information about the likely formation of hydroxylated trinuclear species. The difference in stability can be due to steric effects associated with the bulky linker units and to repulsion between the third metal ion and the highly positive binuclear complex. In addition, there is the possibility that coordination of the third Cu 2+ occurs with structural reorganisation, so that the two previously coordinated metal centres are exclusively bound at the macrocyclic sites thus allowing for coordination of the entering Cu 2+ at the phenanthroline and 2,6-bis(aminomethyl) 7 The spectrum displays, in the downfield region, eleven well resolved isotropically shifted signals (a-d, h, i, k-n and A) and four non-resolved signals (e-g and j). Additionally, one upfield shifted signal (o) also appears in the spectrum (Fig. S4 †) . The hyperfine-shifted resonances, linewidths at half-height, longitudinal relaxation times values (T 1 ) and assignments are reported in Table 3 Our results suggest for the [Cu 3 L1] 6+ two possible coordination modes, in the first one two copper ions would be pentacoordinated to the four nitrogens of the macrocyclic cavity and the nitrogen of the side arm while the third copper ion would be only coordinated to the phenanthroline ring completing its coordination sphere with solvent molecules. In the second coordination mode, the three copper ions would be fourcoordinated; two of the copper ions would be bound by the nitrogens of the macrocyclic subunits while the third copper ion would be coordinated to the phenanthroline moiety and the two secondary amino groups of the arms (Scheme 2). 
However, the analysis of the stability constant values seems to fit better with the first proposed coordination mode (Scheme 2B there are a few signals exhibiting also anti-Curie behaviour, see Table 3 . These results support a magnetically coupled trinuclear copper system.
Kinetics of formation of the Cu 2+ complexes
The kinetics of complex formation between Cu aq 2+ and L1-L2
was studied in moderately acidic media under non-pseudo first-order conditions, with the metal ion and the ligand in 1 : 1, 2 : 1 or 3 : 1 molar ratios. The experiments were carried out without adding any buffering agent because it has been shown that the addition of buffers often introduces some complications in this kind of kinetic studies. 9, 19, 26 As a consequence, the pH decreases during the reaction and the concentration of protons must be allowed to change during the refinement process, which is achieved by the simultaneous fit of all the kinetic data recorded under a variety of conditions with Pro-KII software. 19 According to the equilibrium results, the final reaction product is in general a mixture containing variable amounts of the different [Cu y H x L] (2y+x)+ species, the nature and concentration of those species changing with starting pH, the nature of L and the Cu 2+ : L molar ratio.
Despite the close similarity between L1 and L2, the kinetic results for Cu 2+ complexation with both ligands reveal a significantly different behaviour. Although in both cases the spectral changes denote polyphasic kinetics with pH-dependent observed rate constants, the kinetic models required for a satisfactory fit of the data are very different. The results for L1 have been reported previously, 7 and the model used can be summarised indicating that the three Cu 2+ ions are coordinated sequentially, the differences between the rate constants being large enough for allowing the processes to be observed in separate kinetic steps. Following the initial coordination of the metal ion, there are two reorganization steps that were interpreted as corresponding to the displacement of the metal ion from the phenanthroline linker to the macrocyclic site. For the case of L2, the spectral changes require a model with three consecutive steps, the first one showing a first order dependence with respect to both the metal ion and the ligand, and the last two steps corresponding to reorganization processes with first-order rate constants. Preliminary fit of the individual data files revealed that the values of the rate constants change with the starting pH, all steps becoming faster at higher pH (see Fig. S5 in the ESI †). This finding indicates that all three resolved steps include acid-base pre-equilibria, which were considered a pre-requisite for all tested kinetic models. The numerical values derived for the rate constants of the three steps are similar for both the 1 : 1 and 2 : 1 Cu 2+ : L2 molar ratios. In addition, the spectra calculated for the intermediates formed in the different steps show an absorption band at the same wavelength for both molar ratios, but the molar absorptivities differ by a factor of 2 between the 1 : 1 and 2 : 1 experiments (see Fig. 3 ), thus suggesting that the same intermediates are formed in both sets of experiments, although at double concentration in the 2 : 1 experiments. A satisfactory fit is obtained when the data for both ratios are analysed simultaneously with the model in eqn (1)- (7). The Scheme 2 The model used implies that complex formation occurs in three pH-dependent kinetic steps and that formation of the binuclear species occurs with statistically controlled kinetics, 9, 19, 26 i.e. coordination of both metal ions takes place in two consecutive processes with rate constants in a 2 : 1 molar ratio, although for mathematical reasons only a single process with a rate constant corresponding to coordination of the second ion is required to fit the experimental data. 27 The observation of statistical kinetics for complexation with L2 and not with L1 can be considered surprising, especially because the equilibrium constants for the formation of the mono-and binuclear complexes are much more different for L2 than for L1. However, it must be considered that complex formation occurs through a complex mechanism with several kinetic steps, which makes meaningless the comparison of rate and equilibrium constants.
After this initial step, two consecutive reorganisation processes take place leading to the final product, [Cu 2 HL2] 5+ , at the final pH values reached in the experiments. The final spectrum is similar to that reported for the copper complex of L3, 9,10 which suggests that the Cu 2+ ions in [Cu 2 HL2] 5+ are coordinated to the macrocyclic cavities, and the observation of a statistically controlled formation process would indicate that both cavities behave as independent units during complexation. Fig. 4 compares the kinetic models used for L1 and L2, which include in both cases steps involving metal coordination and reorganisations. The two paths correspond to the two situations that arise for L1 (upper path) and L2 (lower path) depending on the relative values of the rate constants. For the case of L1, 7 the second Cu 2+ is coordinated at a much slower rate than the first one (k 1 = 1.27 × 10 4 M −1 s −1 and k 2 = 3.80 × 10 2 M −1 s −1 ), and reorganizations following coordination of the first metal can be resolved because they are faster than the second coordination. The situation is different for L2 because k 1 = 2k 2 and both coordination steps occur at close rates before the reorganisation processes. Thus, the major difference between both receptors derives from the occurrence of statistical kinetics for L2 and deviations from it for L1. As statistical kinetics requires that the ligand is flexible enough to undergo rapidly all the structural changes required for coordination of the two metal ions, 28 it appears that the different rigidity introduced by the pyridine and phenanthroline linkers is the origin of the different kinetic behaviour observed for complex formation with both ligands. Table 4 summarizes kinetic data for metal coordination to the L1-L6 receptors. The species leading to complex formation in acidic solutions changes from [H 2 L] 2+ to [H 5 L] 5+ , depending on the ligand. The data indicate that the complexation rate is not determined by the ligand charge but by the protonation Fig. 3 Spectra calculated for the intermediates and the product in the reaction between Cu 2+ and L2 in 1 : 1 (left) and 2 : 1 (right) molar ratios using the kinetic model discussed in eqn (1)- (7). The four spectra in each figure correspond to Cu 2+ , I B , I C and P, in order of increasing ε, although the spectra for I B and I C actually correspond to the spectra of equilibrium mixtures with I 2B and I 2C , respectively. Fig. 4 Kinetic models used for fitting kinetic data for complex formation between Cu 2+ and the receptors L1 (up) and L2 (down). According to the species distribution diagrams ( Fig. 1 and S1 †), the addition of an excess of acid to solutions of the metal complexes results in decomposition with release of Cu aq 2+ and protonated ligand (eqn (8)), and the kinetics of decomposition can be studied by monitoring the disappearance of the absorption band of the complex. 7, 9, 10, 29 
A common feature in the decomposition of all the species studied for the L1-L2 ligands is the existence of a rapid step within the mixing time of the stopped-flow instrument (ca. 1.7 ms), which is signalled by a shift of the absorption band upon acid addition. In a later process, the band disappears with very slow kinetics, i.e. complex decomposition occurs with biphasic kinetics, although the first step is too fast for its rate constant (k 1obs ) to be measured. The spectral changes for decomposition of the intermediate are fitted satisfactorily by a single exponential (k 2obs ).
For the L1 complexes, the rapid step involves a shift to 750 nm of the absorption band observed at 640, 647 or 710 nm for the mono-, di-and trinuclear species, thus showing that the same intermediate is formed in all cases. The rate constants k 2obs for disappearance of the intermediate with a band at 750 nm show a linear dependence with respect to the acid concentration (Fig. 5) , and the fit of all the data by eqn (9) yields a = (1.8 ± 0.7) × 10 −4 s −1 and b = (3.2 ± 0.1) × 10
In the case of L2, the step occurring within the stoppedflow mixing time involves a shift of the absorption band from 690 to 730 nm (Fig. 6) , and the k 2obs values show a second order dependence with respect to the acid (eqn (10)), a kinetics reported previously for related metal-polyamine complexes. 9, 30 Again, the whole set of data for different species can be fitted together and yield c = (1.4 ± 0.6) × 10 −4 s −1 and d = (3.1 ± 0.2) × 10
The decomposition kinetics of the Cu 2+ complexes with L1 and L2 is not very different from that observed for complexes with the related L4-L6 receptors (see Table 5 ). In most of these cases complex decomposition starts with a rapid process that occurs within the stopped-flow mixing time and yields an intermediate that decomposes in a slower step with either a first or a second order dependence with respect to the proton concentration. This initial rapid step must involve protonation of the free amine groups and, eventually, dissociation of a Cu 2+ ion and breaking of some Cu-N bonds. For complexes with the simpler L4 and L5 scorpiand-type ligands, the rapid step corresponds to protonation of the pendant arm and involves a shift of the band to 690 nm, the position observed for the L3 complex, which lacks a side arm and decomposes in a single slow process. 9 Any of both dependences on the acid concentration can be rationalized on the basis of the mechanism usually proposed for the acid-promoted decomposition of polyamine complexes. 29, 34 Complex decomposition is assumed to start with the initial formation of an intermediate (CuL 2+ )* in which there is elongation of the Cu-N that is going to be broken in the rate determining step, as indicated in eqn (11) for decomposition of a general CuL 2+ complex. The next step is rate determining bond breaking, which can occur through two parallel pathways involving attacks by water and protons, respectively. The pathway involving water attack, eqn (12) , is responsible for the a and c terms in eqn (9) and (10), whereas the pathway involving proton attack leads to the b and d terms. The difference between both equations is that a second order dependence on H + indicates that the rate determining step is shifted to the breaking of at least the second Cu-N bond (eqn (14)), whereas first order on H + is compatible with rate-determining attack by a single proton to cause dissociation of the first Cu-N bond, eqn (13). 
Conclusion
As stated in the Introduction, one of the major aims of the present work was to obtain additional information on the existence of well-defined pathways for the movement of metal ions within polytopic macrocyclic receptors. The present results, when taken together with those recently reported, 7 indicate that subtle changes in the structure of the receptor can lead to important changes in the kinetics of reaction. Thus, whereas for the phen-containing L1 receptor the entry of the different metal ions occurs with significantly different rate constants and follows a well-defined pathway that goes from the linking phen to the macrocyclic cavities, the same is not true for the related py-containing L2. In the latter case, the macrocyclic subunits behave independently, thus indicating a passive role of the linking py in the process. It appears that the changes in the hydrogen-bond network associated with changing from phen to py as the linking sub-unit is large enough to cause such drastic kinetic changes. With regard to the exit of the metal ions, examined by studying the kinetics of complex decomposition, the results for the L2 complexes indicate that the way that the metal ions follow for exiting from these receptors is not necessarily the same one used for entering. 
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